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Preferred orientation of minerals, such as mineral fabric, in sediments preserve 
information about depositional processes that can be used to reconstruct flow 
orientation and velocity. Anisotropy of magnetic susceptibility (AMS) is successfully 
able to determine the preferred orientation of magnetic minerals. Given that magnetic 
mineral mimics the alignment of sediment forming minerals, this technique is the 
easiest and quickest technique used to measure sediment orientation. Since the 2004 
Indian Ocean Tsunami, this technique has been used on recent- and paleo-tsunami 
deposits to try to extract tsunami’s information. However, it is unclear if the magnetic 
mineral alignments measured by AMS are an accurate proxy for the flow direction. 
Although some studies clarified the reason why AMS can mimic magma flow directions 
in study for igneous rocks, it has not been interpreted the mechanism for unconsolidated 
sediments yet. It needs a verification to compare the results between AMS and the other 
magnetic anisotropy technique. To test it, Kon et al. (2017) employed anisotropy of 
anhysteretic remanence magnetization (AARM), a more sensitive measurement that is 
able to capture the alignments of remanence-carrying finer-grained magnetic minerals. 
The results of the AARM measurements in Kon et al. (2017) indicate that their lower 
susceptibility samples were occurred “inverse magnetic fabric” where magnetic axes are 
interchanged. In this case, AMS cannot be used to determine paleo-flow direction. 
Based on this result, AMS methods alone may be not enough to accurately measure 
flow directions from tsunami deposits. However, as AMS measurement techniques 
improve and as they continue to be tested on other tsunami deposits, it needs to start to 
understand how to better interpret AMS results. This understanding will help to estimate 
paleo-flow directions of unconsolidated sediments, including tsunami deposits, 
correctly for reconstructing the formation processes, resulting in contributing for 
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1. Introduction for the thesis 
Recent extraordinary tsunamis, such as the 2004 Indian Ocean tsunami and the 
2011 Tohoku-oki tsunami, are wreaked serious damage to human society. The tsunami 
flows occur peculiar sedimentary processes, such as transitions and depositions during 
several flows, resulting that tsunami deposits preserve remarkably fabrics (Minoura and 
Nakaya, 1991). It would be important to reconstruct the depositional condition of 
tsunami deposit to understand what tsunami flow is for the prevention of tsunami 
hazards. 
One of the major objectives of studying tsunami deposit is comprehension of 
histories and intensities of paleo-tsunami events (e.g., Satake and Atwater, 2007; Goff et 
al., 2012; Sawai et al., 2012; Sugawara et al., 2012; Goto et al., 2014). Hence, the 
characteristics and knowledge of recent tsunami deposits have been gathered to 
understand the past events, and have improved significantly during the last decade (e.g., 
Goto et al., 2014).  
Onshore sedimentary deposits related to tsunamis have been recognized for 
several decades in recent and ancient coastal formations (e.g., Dawson and Shi, 2000). 
However, some of the deposit’s characteristics are very similar, such as tsunami and 
flooding deposits (Morton et al., 2007). Therefore, several proxies, such as grain size 
analysis and geochemistry data, for difficulty of identification paleo-tsunami deposits, 
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have been conducted, remarkably after the 2004 Indian Ocean Tsunami (Chagué-Goff et 
al., 2011). 
The anisotropy of magnetic susceptibility (AMS), one of the proxies in 
Chagué-Goff et al. (2011), have been widely used to infer magnetic fabric of 
paramagnetic and ferromagnetic mineral in volcanic rocks, sedimentary rocks, and 
unconsolidated sediments. In sedimentology, AMS have been used to estimate 
paleo-flow direction to reconstruct the formation process (e.g., Taira, 1989). Wassmer 
et al. (2010) is the pioneering study to apply AMS for unconsolidated tsunami deposits, 
and this technique have been used to try to estimate the paleo-flow directions since then 
(e.g., Schneider et al., 2014). However, it is unclear the reason why AMS can represent 
paleo-flow direction of unconsolidated sediments. In igneous rocks, AMS can capture 
the alignment of magnetite that crystalized after silicate minerals, such as plagioclase, 
and are filling the matrix between these silicates (Hargraves et al., 1991). Therefore, 
AMS can mimic the alignments of magnetite in rocks that indicate long axes of the 
silicate minerals, being parallel to the magma flow. Although AMS enables to estimate 
paleo-flow directions of samples that resulted under the higher viscous magma flow, it 
needs to clarify what AMS indicates in unconsolidated sediments that deposit under low 
viscous water flow. Without the identity, it may not be able to discuss paleo-flow 
directions of unconsolidated sediments. 
In this thesis, I would like to present Kon et al. (2017) and refer to the relationship 
between sediment grain and magnetic fabric to estimate flow direction using magnetic 
anisotropy. The study introduced the case of an inability to estimate paleo-flow 
directions of unconsolidated sediments, presumably paleo-tsunami deposit, using AMS 
and concluded that magnetic anisotropy would mimic the alignment of magnetic grains 
in the pores of non-magnetic grains. The conclusion indicates the alignment of magnetic 
grains in the pore represent the long axes of the non-magnetic grains. On the other hand, 
Baas et al. (2007) summarized four types of sediment grain orientation during the 
deposition. This suggests the orientation of the long axis of grain doesn’t always 
represent the paleo-flow direction, neither AMS. In considering these two aspects of the 
studies, Kon et al. (2017) would be the study to call a basically question how to deal 
with the handy technique, magnetic anisotropy, applying for unconsolidated sediment to 
interpret the result.  
Again, paleo-flow direction in sedimentology is essential information for several 
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types of sediment including tsunami deposit to reconstruct the formation process. Hence, 
confirmed how to estimate the direction correctly is demanded in the studying field, and 
an erroneous interpretation by the technique would lead to misunderstanding what 
tsunami flow is, bringing about some wrong provisions for tsunami and the other 
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Inverse magnetic fabric in unconsolidated sandy event 
deposits in Kiritappu Marsh, Hokkaido, Japan 




Anisotropy of magnetic susceptibility (AMS) and anisotropy of anhysteretic 
remanence magnetization (AARM) were evaluated for samples collected from units of 
two unconsolidated sandy event layers, presumed to be paleo-tsunami deposits, from 
Kiritappu Marsh, northeastern Japan. The AARM technique isolates the fabric of fine 
grained (titano)magnetite from AMS fabric of all minerals in deposits. Bulk 
susceptibilities of the older event layer were weaker than those of the younger event 
layer. Our AMS results show that the principal minimum AMS axes (Kmin) were 
distributed along the horizontal bedding plane, suggesting the presence of an AMS 
“inverse fabric” where magnetic axes are interchanged. Our AARM results indicated 
the principal maximum AARM axes (kmax) are parallel to the AMS Kmin, whereas the 
AARM intermediate and minimum axes (kint and kmin) are related to the AMS Kmax and 
Kint. Moreover, the shape of anisotropy parameters revealed that the 
AMS is oblate (Kmax ≈ Kint), whereas the AARM is prolate (kint ≈ kmin). We found the 
presence of single domain sized titanomagnetites in the mud matrix based on electron 
microscopy observations. AARM is regarded as a complementary tool to estimate 
paleocurrent directions using grain fabrics of unconsolidated sediments. However, these 
lines of evidence confirm that our AMS fabrics showed “inverse fabric”, providing no 
information about flow directions at this locality. Although this effect is uncommon in 
soft sediments, it requires caution to estimate paleocurrent directions using AMS. 
 
2.2 Introduction 
Paleo-current directions are often estimated through the indicators (i.e., ripple 
marks, flute marks). On a microscale, the relationship between flow direction and 
prolate sand grain fabric has been thoroughly demonstrated since the work of Jeffreys 
(1922), which revealed that particles oriented with their long axes perpendicular to flow 
direction stay perpendicular to flow direction with rolling. Since then, theoretical, 
experimental, and field-based fabric studies have revealed several anisotropic fabric 
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patterns: (1) a planar, near horizontal, gravity-induced settling fabric, (2) flow-aligned 
(imbricated or non-imbricated) fabric, (3) flow-transverse (rolling) fabric, and (4) 
flow-oblique fabric (e.g., Baas et al., 2007). These sedimentological indicators are not 
always seen as visible features in outcrops. The orientation distribution of prolate sand 
grains in the bedding plane can be sensitively detected through the analysis of 
anisotropy of magnetic susceptibility (AMS), which is represented by its susceptibility 
ellipsoid (for maximum principal axis (Kmax), intermediate (Kint) and minimum (Kmin), 
Kmax  Kint  Kmin). In a “normal” case, the minimum principal axes (Kmin) are 
clustered around the pole to the depositional plane, whereas the magnetic fabric of 
sediments deposited from flowing water is typified by a current-oriented magnetic 
foliation within which Kmax may indicate the flow axes (e.g., Ellwood, 1980; Lowrie 
and Hirt, 1987; Taira, 1989; Sagnotti and Meloni, 1993; Parés et al., 2007). This 
correlation is straightforward in cases where the magnetic fabric is dominated by 
paramagnetic silicates (biotite, chlorite and amphiboles) or coarse-grained 
ferromagnetic magnetite grains, or both. 
For tsunami sediments, AMS studies have recently been conducted to reveal the 
flow directions of tsunami waves (e.g., Wassmer et al., 2010; Chagué-Goff et al., 2011; 
Goguitchaichvili et al., 2013; Kain et al., 2014; Schneider et al., 2014). Wassmer et al.'s 
(2010) pioneer study showed the validity of the AMS method for reconstructing flow 
direction when applied on sediments from the 2004 Indian Ocean Tsunami. It is not 
known whether this technique is applicable to paleo-tsunami deposits, for which 
topography, flow dynamics and post-tsunami alteration are unknown. Wassmer et al. 
(2015) examined the applicability of AMS for a thick unconsolidated structureless 
paleo-tsunami deposit dated to 4220 year BP, southeast of Banda Aceh, North Sumatra. 
Although they succeeded in reconstructing flow characteristics during sediment 
deposition using AMS, their deposit samples displayed strong tilting of Kmax axes 
ranging from 31° to 67° with the paleo-deposit. Park et al. (2000) observed an 
anomalous fabric with high angle inclinations of Kmax axes over 30°. Because the 
imbrication angles are normally less than 30° (e.g., Yamaguchi and Masuda, 2011), such 
high angles of grain imbrication are unusual. It is well known that the magnetic fabric 
and the grain fabric may not coincide when interactions between ferrimagnetic grains 
occur (Hargraves et al., 1991) or when minerals that have an “inverse magnetic fabric”, 
 11 
such as single-domain (SD) magnetite (<0.1 µm) and/or SD titanomagnetite (1–2 µm; 
Day et al., 1977), contribute to the AMS (Rochette, 1988). Although coarse-grained 
magnetite particles strongly affect AMS, such SD magnetites and/or SD 
titanomagnetites contribute to AMS fabrics in cases where there are relatively few 
coarse-grained magnetite particles. Because a stable SD grain is magnetized to 
saturation along its long axes, even in the absence of an applied field, it has essentially 
zero low-field susceptibility parallel to its long dimension, whereas weaker 
perpendicular fields are able to rotate the grain moment slightly away from the long axis 
alignment (Borradaile and Jackson, 2010). SD uniaxial magnetite and/or 
titanomagnetite grains have their long axes parallel to Kmin, the short axes of the AMS 
(Potter and Stephenson, 1988). The identification of a SD magnetite-generated inverse 
fabric in AMS requires using techniques which isolate the contribution of specific 
magnetic grain sizes, such as the anisotropy of anhysteretic remanent magnetization, 
AARM (Jackson, 1991; Trindade et al., 1999; Nakamura and Borradaile, 2001). This 
technique is sensitive to detect alignments of fine-grained, remanence-carrying minerals 
only, whereas AMS captures magnetic signals from a summation of paramagnetic and 
ferromagnetic minerals (e.g., Borradaile and Jackson, 2010). Although this SD-related 
inverse fabric is common in igneous rocks (Rochette et al., 1991, 1992, 1999; 
Herrero-Bervera et al., 2001; Borradaile and Gauthier, 2003; Zhang et al., 2011), few 
studies have reported the presence of “inverse fabric” in soft sediments, leading to 
erroneous interpretations if not properly identified. Here, we report on an “inverse 
fabric” for unconsolidated soft sediment, presumed paleo-tsunami deposits, from 
Kiritappu Marsh, northeastern Japan. This helps us to build the knowledge necessary to 
tackle paleo-tsunami deposits investigated using AMS and AARM. 
 
2.3 Study area and sampling 
Hokkaido, in northern Japan, faces the southern part of the Kuril Trench, which is 
known as a fast subduction zone with a rate of approximately 8 to 10cmper year. This 
subduction zone has recurrently generated earthquakes with magnitudes of up to ~8 Mw, 
as well as associated tsunamis, over at least the last two centuries (Nanayama et al., 
2003). Consequently, nine large tsunamis were supposed to have occurred in the past 
4000 years in the Kuril subduction zone, and several sand layers are widely distributed, 
ranging from 1200–2600 m to 3000 m inland, in Kiritappu Marsh in eastern Hokkaido 
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(Nanayama et al., 2007). Our sampling was also conducted in Kiritappu Marsh at a site 
about 300 m between the coastline and the Dorogawa river (Fig. 1). During marsh 
development following the Jomon transgression (6000–7000 years BP), an additional 
small transgression, which occurred in Hokkaido before 1000 year BP (Heian 
Transgression), caused a rise in sea level of about 1 m and probably affected Kiritappu 
Marsh (Sakaguchi et al., 1985; Nanayama et al., 2003). Typhoons in the Pacific coast of 
eastern Hokkaido have been rare during the last 200 years, and no large seawater 
flooding events or sand movements have been associated with huge storms or typhoons 
(Nanayama et al., 2003). A handy-geoslicer (length, 1 m) was employed to retrieve 
samples at one site in the large peatland (Fig. 2). We found a thin, discontinuous tephra 
layer near the surface and two sandy event layers below. Based on their depth and 
observational features, the tephra may be identified as Ta-a (1739 CE), and the sandy 
event layers can be associated with the paleo-tsunami deposits of KS3 and KS4 in 
Nanayama et al. (2003). However, as we did not confirm their identities and age in this 
study, we will call these sandy layers “event 1 (upper)” and “event 2 (lower)” which we 
interpret as possible tsunami deposits. The thicknesses of the event 1 and event 2 layers 















































































































Fig. 2.  Stratigraphic succession of two sand layers in one-meter long 
handy-geoslicer from Kiritappu Marsh. The march deposits are sampled by 
non-magnetic 7 cc plastic cubes in a sliced marsh deposit. Brownish sandy layer 
(event 1) is 18 cm in thickness and layered in the upper half of the event 1 layer, 
whereas in the lower half of layer, the sand layer is oxidized. There are oxidized 
heavy mineral layers (HML) in the middle of the bed. Event 2 layer is 25 cm in 
thickness and the color of the deposit is gradually changed from grayish to 
brownish in color from the bottom. 
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The color of the middle unit of the event 1 layer is reddish brown, which suggests 
the presence of an oxidized heavy mineral layer. The event 2 layer grades from gray to 
brown toward the top. Moreover, sediments at the erosional base of the event 2 layer 
contain relatively coarse silicates such as quartz. We observed a thinner sandy layer 
(about 1 cm) within a thin mud layer found between these two sandy event beds, but it 
was too thin to characterize and collect a sample in a 7 cm3 cube (the outer dimensions 
are 2 × 2 × 2 cm) to apply magnetic methods (Fig. 2). For magnetic assessment, all 
samples were carefully collected from moist sediment manually using into 7 cm3 plastic, 
non-magnetic cubes to prevent artificial modification of in situ sedimentary fabrics 
(Gravenor et al., 1984; Jordanova et al., 1996). Twenty-two samples were collected 
from the bottom erosional surfaces to the top of the deposits (Fig. 2). Two samples were 
collected from equivalent horizons in each unit to seek lateral variations in AMS values. 
Thin layers and units were avoided because our plastic cubes collect several layers and 
units at once. Plant roots were also avoided because they might disturb magnetic fabrics. 
The plastic cubes were sealed with plastic tape to protect against desiccation after 
removal from the layer. 
 
2.4 Magnetic fabric measurement 
AMS was visualized as a triaxial spheroid after measuring low field (19.2 kHz) 
magnetic susceptibility using a Sapphire Instrument SI2B along seven different 
orientations through each specimen, including the body diagonal directions as proposed 
by Nye (Nye, 1957; Borradaile and Stupavsky, 1995). The mean bulk volume 
susceptibility K (µSI) depends on the mineral composition of the sediment. The shape 
and intensity of the triaxial spheroid were determined with Jelinek's parameter Tj (oblate 
to prolate; −1 to +1) and the parameter Pj (spherical to ellipsoid; 1 to ∞) (Jelínek, 1981). 
Additionally, Fs (alignment parameter) (Ellwood, 1975) has been employed to 
characterize the mode of sedimentation, especially current speeds during deposition 
(Park et al., 2000; Kain et al., 2016). Another parameter q was introduced by Granar 
(1958) as a susceptibility in dependent and dimensionless indicator of fabric shape. 
Samples KR-1, 3, 5, 7, 10, 11, 13, 15, 17, 19, and 21 were examined for AARM after 
magnetic susceptibility measurements. We could not conduct this measurement for all 
samples because the time-consuming process of AARM measurements may cause 
desiccation of samples lacking sedimentary structures. To yield the AARM ellipsoid, we 
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imparted anhysteretic remanent magnetization (ARM) to samples by applying a 
constant direct current (DC) field with a decaying alternating field (AF) generated by an 
AF demagnetizer (Natsuhara-Giken DEM95). Measurements of AARM were conducted 
under a DC field of 50 µT and an AF field of 100 mT. The imparted ARM was 
measured by spinner magnetometer along seven different axes through the specimen, 
including the body diagonal directions proposed by Nye (1957; Borradaile and 
Stupavsky, 1995), using a custom-made sample holder. The intensity along each of the 
seven axes is correlated to the dimensional alignment of isotropic and/or anisotropic 
grains along each axis. Instrumental errors to determine ARM are 10−5 A/m for intensity 
and directional variation of at most 5°. Using these seven ARM components, the SI205 
software written by G. Borradaile calculated an AARM triaxial ellipsoid with each 
principle maximum, intermediate, and minimum value and its orientation (kmax, kint, and 
kmin). The anisotropy parameters Pj, Tj, Fs, and q for AARM are also determined. 
 
2.5 Results 
The AMS data are given in Table 1. The bulk volume susceptibilities K are 
sensitive to the concentration of coarse-grained ferromagnetic minerals and 
paramagnetic minerals (Fig. 3), which ranged from 1601 to 4885 µSI with an average of 
2677 µSI for the entire set of event 1 samples (n = 10), whereas the event 2 samples 
expressed a range from 745 to 2396 µSI with an average of 1144 µSI (n = 12). Higher 
intensities of the bulk susceptibilities K for the event 1 samples were derived from the 
reddish-brown units of the middle layer, whereas the upper part of the deposit yielded 
weaker intensities of about 1500 µSI. In contrast, the intensities of bulk K for the event 
2 samples were <1500 µSI, except for the lowermost sediments at the erosional surface. 
Most samples of the event 2 layer yielded values of about 1000 µSI, and middle units of 
this layer showed the weakest intensities, which were <800 µSI. The AMS parameters 
of degree of anisotropy (measured values ranged 1.02 < Pj < 1.11), alignment (1.03 ≤ Fs 
≤ 1.12), and shape of anisotropy (−0.41 < Tj < 0.87) are presented in Fig. 3. There is a 
contemporaneous change in these parameters between the event 1 and event 2 deposits: 
samples of the lowermost units show high values of Pj and Fs with high positive Tj 
values; for instance, Pj = 1.10, Fs = 1.11, Tj = 0.79 for the sample KR-8, and Pj = 1.11, 
Fs = 1.12, Tj = 0.73 for KR- 20. Aside from these values, however, the range of Pj for 
most remaining samples is between 1.02 and 1.07 (Fs between 1.04 and 1.09) with 
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Table 1. AMS parameters and directions for samples KR-1 to 22 with their errors. KR-1 to 10 are the event 1 samples, and KR-11 
to 22 are the event 2 samples. The depth from the top of the sampling cube is given. D and I are declination and inclination in 
degrees for the maximum, intermediate, and minimum axes; error: refers to the declination/inclination; K: bulk volume 
susceptibility in 106 SI units (bulk-K), and respectively the maximum, intermediate, and minimum axes of the anisotropy ellipsoid 
defined in intensity normalized to the bulk volume susceptibility; Pj: corrected degree of anisotropy; Tj: shape parameter. Fs: the 
alignment parameter. q: a susceptibility-independent and dimensionless indicator of fabric shape. 
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        Kmax       Kint       Kmin             
sample depth (cm)  D / I (°) error (± °) K (µSI)   D / I (°) error (± °) K (µSI)   D / I (°) error (± °) K (µSI) Pj Tj Fs q bulk-K (µSI) 
KR-1 14 ~  89.8 / 58.1 28.6 / 3.6 1645.6   230.5 / 25.8 33.8 / 5.1 1619.6   329.2 / 73.4 9.2 / 4.2 1537 1.07 0.53 1.09 0.27 1601 
KR-2 14 ~  256.3 / 53.7 75.3 / 0.4 1355.3   87.5 / 36.8 74 / 22.9 1346.7   350.3 / 5.4 33.4 / 21.1 1311 1.04 0.62 1.04 0.21 1338 
KR-3 17 ~  307.8 / 60 4.2 / 0.8 2253.5   68.4 / 16.4 3.1 / 2.1 2207.7   166 / 65.6 0.4 / 2.0 2120.5 1.06 0.32 1.08 0.42 2194 
KR-4 17 ~  79 / 16.8 49.1 / 2.2 2110.4   229.1 / 19.2 50.8 / 13.6 2088.6   346.2 / 9 25.6 / 13.8 2049.2 1.03 0.29 1.04 0.43 2083 
KR-5 21 ~   87 / 35.7 15 / 1.6 2792.5   273.6 / 35.5 15.3 / 0.9 2752.5   181.3 / 86.9 7.9 / 1.4 2727 1.02 -0.22 1.04 0.88 2757 
KR-6 21 ~  66 / 12.8 10 / 0.6 3273.4   249.3 / 12.8 9.2 / 2.7 3260.2   156.1 / 89.2 0.4 / 0 3195.2 1.03 0.67 1.03 0.18 3243 
KR-7 24 ~  88.9 / 27.7 3.3 / 0.4 5011.4   273.9 / 27.6 3.4 / 0 4874.3   182.8 / 87.9 1.1 / 0.1 4769.6 1.05 -0.12 1.08 0.79 4885 
KR-8 24 ~  171.1 / 12.6 17.6 / 4.7 3994.1   72.5 / 2 17.1 / 4.6 3960.3   342 / 12.5 5.7 / 2 3677 1.1 0.79 1.10 0.11 3877 
KR-9 26 ~  88.2 / 19.8 17 / 3.6 2478.3   276.9 / 19.6 17.9 / 0.4 2444.9   185.9 / 87.2 2.9 / 0.2 2360.1 1.05 0.44 1.06 0.33 2428 
KR-10 26 ~  248.4 / 60.1 62.6 / 5.1 2406.3   99.7 / 34 59.9 / 15.3 2395   347 / 14.7 7.5 / 5.2 2289.6 1.06 0.81 1.06 0.10 2364 
KR-11 35 ~  154 / 13.4 86.5 / 7.2 1136.3   245.1 / 89.7 84.5 / 2.6 1123.6   335.2 / 13.4 20.7 / 6.6 1074.6 1.06 0.6 1.07 0.23 1112 
KR-12 35 ~  85.4 / 53.5 81.6 / 3.3 1030.1   246.3 / 38.2 82.9 / 13.5 1026.7   348.4 / 9.2 16.8 / 10.4 979.8 1.06 0.87 1.05 0.07 1012 
KR-13 38 ~  234.7 / 22.9 77.3 / 3.8 1025   77.2 / 21.3 73.9 / 7 1017.4   344 / 8 33.2 / 8.1 979.4 1.05 0.67 1.05 0.18 1007 
KR-14 38 ~  244.7 / 42.6 36.1 / 6.3 1248.7   70.3 / 42.5 35.2 / 9.1 1222.4   337.7 / 2.8 8.8 / 0 1177.6 1.06 0.27 1.08 0.45 1216 
KR-15 40 ~  98.5 / 26.7 78.3 / 0.1 870.1   247 / 66.8 83 / 13.6 864   342.4 / 12.5 25.7 / 12.5 816.1 1.07 0.78 1.07 0.12 850 
KR-16 40 ~  256.8 / 38.1 41.9 / 3.2 1079.9   112.5 / 57.5 42.5 / 51.7 1059.5   10.7 / 17.7 29.1 / 51.3 1051 1.03 -0.41 1.05 1.09 1063 
KR-17 44 ~  283.3 / 13.2 69.6 / 15.4 761.7   103 / 13.3 68 / 18.9 747.9   193.3 / 90 1 / 0  724.4 1.05 0.27 1.07 0.45 745 
KR-18 44 ~  264.3 / 22.6 75.5 / 0.8 770.2   105.1 / 24 78 / 21.4 763.1   357.5 / 7.6 36.7 / 20.8 736.2 1.05 0.59 1.06 0.23 757 
KR-19 48 ~  230.7 / 12.6 59 / 1.4 798.6   94.9 / 80.8 61.1 / 9.6 779.5   3.5 / 8.6 28.4 / 9 753.5 1.06 0.7 1.09 0.54 777 
KR-20 48 ~  272.9 / 40.3 55.2 / 11.8 1273.6   102.5 / 40.7 57.2 / 5.6 1256.5   7 / 4.8 7.7 / 0.8 1152.7 1.11 0.73 1.12 0.15 1228 
KR-21 51 ~  85.6 / 22.5 19.8 / 5.2 2478.9   285.6 / 21.4 22.2 / 0.1 2424.5   192.8 / 83 5 / 0.9 2285.5 1.09 0.45 1.11 0.33 2396 
KR-22 51 ~  269.5 / 51.9 70 / 7.1 1601.4   90.7 / 51.8 70.1 / 5.9 1591.9   0.2 / 0.6 2.0 / 0 1483.7 1.09 0.84 1.09 0.08 1559 
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Fig. 3.  Stratigraphic change in AMS and AARM magnetic parameters. To check 
local lateral variations, two samples were collected in each equivalent layer. They 
showed a comparable change each other. Solid squares represent AMS results, and 
open squares represent AARM results. (a) Variation of mean bulk magnetic 
susceptibility K (µSI) of all samples for the AMS and AARM results. (b) Variation 
of Tj representing the shape of anisotropy (oblate to prolate; –1 to +1). (c) Variation 
of Pj representing the degree of anisotropy (sphere to ellipsoid; 1 to ∞). (d) Changes 
in parameter Fs representing the alignment parameter (1 to ∞).  
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The principal axes of magnetic susceptibility (Kmax, Kint, and Kmin) are presented in 
lower-hemisphere equal-area projections for all samples (Fig. 4). Most of the 
orientations of Kmax show E–W declinations (perpendicular to the coastline) with 
inclinations of 13–60°. Although the results for Kint also show E–W declinations, the 
range of inclinations for Kint is 2–89.7°. Moreover, the orientations of principal axes of 
Kmin form two different clusters: one cluster is normal to the bedding plane in samples 
with weaker bulk susceptibility values, and the other is parallel to the bedding plane in 
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Fig. 4.  Lower hemisphere stereonet projections of principal axes of the AMS (Kmax, 
Kint, and Kmin) and AARM (kmax, kint, and kmin) for event layer 1 and event layer 2, 
respectively. (a) AMS results for event layer 1 (N = 10), (b) AMS results for event 
layer 2 (N = 12), (c) AARM results for event layer 1 (N = 5), (d) AARM results for 
event layer 2 (N = 6). Open squares, triangles and circles indicate the maximum, 
intermediate, and minimum axes of AMS orientations, and solid squares, triangles and 
circles indicate the maximum, intermediate, and minimum axes of AARM 
orientations. Minimum AMS axes agree well with maximum AARM axes for both 
event layers. AMS fabrics represented strongly tilted oblate fabrics, whereas AARM 




Those with weaker susceptibility show large discrepancies for the orientations of 
the principle axes of magnetic susceptibility. The results shown in Fig. 5 suggest that 
the weaker bulk susceptibility samples, such as those of < 2500 µSI, yielded larger 
discrepancies for their orientations of the principle axes (e.g., discrepancies over ±20° 
for declination and over ±5° for inclination), whereas samples with higher bulk 




















































± 90° = 180° error
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- 90°
Fig. 5. (a) Relationship between the AMS mean bulk susceptibilities K (µSI) and the 
orientation variations (errors of the AMS Kmax (°)) of the AMS Kmax for principal 
axes of magnetic susceptibility. Solid and open circles indicate event 1 and event 2 
samples, respectively. Higher error values are observed with samples of less than 
approximately 2500 µSI, whereas errors less than ° are observed with samples of 
over 2500 µSI. (b) An example of a sample with 90° error. In this case, the AMS 
Kmax shows not only the E-W direction but also the N–S direction because of this error, 




Our AARM data are given in Table 2. The AARM parameters of the degree of 
anisotropy (measured values ranged 1.07 < Pj < 1.15), alignment (1.14 ≤ Fs ≤ 1.22), and 
shape of anisotropy (−0.90 < Tj < 0.17) are shown in Fig. 3. We found similarities of 
these parameters between the event 1 and event 2 layers are that the AARM Pj values 
are higher than the AMS Pj values, and the Tj values are slightly positive. The k values 
of AARM for the event 1 samples range from 150 to 194 µSI with an average of 168 
µSI, whereas values for the event 2 samples range from 118 to 140 µSI with an average 
of 133 µSI. The principal axes of the AARM (kmax, kint, and kmin) are presented in Fig. 4. 
All directions of AARM kmax show N–S declinations parallel to the coastline with ≤15° 
inclinations. Results for kint are mostly parallel to the bedding plane, and the principal 
axes of kmin show E–W declinations with shallow inclinations. Our AARM ellipsoids are 






      Kmax     Kint     Kmin             
sample depth (cm) event D / I (°) K (µSI)   D / I (°) K (µSI)   D / I (°) K (µSI) Pj Tj Fs q bulk-K (µSI) 
KR-1 14 ~ 1 178 / 12 163   294 / 64 153   83 / 23 148 1.1 -0.22 1.17 1.00 155 
KR-3 17 ~ 1 175 / 9 159   299 / 75 147   83 /12.0 145 1.1 -0.63 1.19 1.50 150 
KR-5 21 ~  1 343 / 3 182   85 / 76 170   252 / 14 165 1.11 -0.36 1.18 1.09 172 
KR-7 24 ~ 1 169 / 1 206   260 / 51 197   78 / 39 185 1.11 0.17 1.16 0.55 196 
KR-10 26 ~ 1 178 / 1 173   65 / 88 163   268 / 2 163 1.07 -0.9 1.13 2.00 166 
KR-11 35 ~ 2 358 / 11 149   179 / 79 138   88 / 0 135 1.11 -0.52 1.19 1.29 140 
KR-13 38 ~ 2 183 / 10 146   301 / 70 136   90 / 18 134 1.1 -0.75 1.17 1.43 139 
KR-15 40 ~ 2 186 / 15 141   292 / 47 134   83 / 40 130 1.09 -0.37 1.14 0.93 137 
KR-17 44 ~ 2 358 / 5 138   259 / 64 131   90 / 26 128 1.09 -0.39 1.14 1.08 132 
KR-19 48 ~ 2 9 / 11.0 124   152 / 77 116   277 / 8 113 1.11 -0.39 1.17 1.14 118 




Table 2. AARM parameters and directions for samples KR-1, 3, 5, 7, and 10 from the event 1 layer and samples KR-11, 13, 15, 
17, 19, 21 from the event 2 layer. Descriptions are the same as for Table 1. 
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2.6  Discussion 
In a number of cases of sediments with low magnetic susceptibility such as our 
samples, the absence of multi-domain magnetite is implied. Ferré (2002) suggested that 
mixing occurs between an inverse component by SD magnetite and a normal 
component by paramagnetic minerals and multi-domain magnetites. Therefore, it is 
considered that relatively less amounts of paramagnetic minerals and multi-domain 
magnetite than SD-magnetite lead to “inverse fabric”. Our AARM measurements for 
unconsolidated, presumed paleo-tsunami deposits have shown that the principle axes for 
AMS and AARM are completely interchanged, implying the presence of “inverse 
magnetic fabric”. The principal axes of the AMS's Kmax and Kint expressed E–W 
orientations with strong tilting of the inclination, almost coincident with AARM kmin 
and kint, whereas the principal minimum axis of the AMS Kmin showed a N–S orientation 
similar to the orientation of the AARM kmax. Additionally, the magnetic parameters Tj 
for both fabrics also support the presence of “inverse fabric” since AMS Tj values show 
oblate anisotropy with strongly tilted foliations and AARM Tj values show prolate 
anisotropy with low angles of kmax. These Tj values show the orientations of the Kmax 
and Kint of the AMS are coincident with the kint and kmin of the AARM, and that AMS 
Kmin is related to AARM kmax. 
Mineralogical identification of our “inverse fabric” is important to confirm its 
presence. To explore this, we observed mud particles on thin sections by using 
field-emission scanning electron microscope (FESEM; JEOL FESEM 7001F) with a 
careful polishing preparation without any loss of mud. Ten samples (KR-4, 6, 8, 9 of 
event 1, and KR-11, 14, 16, 18, 20, and 22) were divided between sand and mud to 
collect individual finer grains from each sample for the observation. 
Because the mud content is approximately ~9 wt% in sampling cubes, our AARM 
results were strongly affected by ferromagnetic particles in the mud. We found 
fine-grained titanomagnetites (1–2 µm) in mud portions (Fig. 6), suggesting that these 
titanomagnetites are the source of the “inverse fabric.” These results suggest that our 
AARM fabrics represent the alignment of these fine-grained titanomagnetites. 
Therefore, AARM fabrics mimic the alignment of sand grains since the mud penetrates 
into the coarse-grained sandy clasts. 
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Fig. 6.  Backscattered electron image of micron to submicron-sized iron-bearing 
minerals in mud of KR-22. The brightly colored tiny particles in the gray matrix 





In this study, AMS Kmax has showed strong tilting of inclination over 30°, and also 
AMS Kmin showed a horizontal direction. Such an anomalous strong tilting has also 
been reported in a 4220BP paleo-tsunami deposit in Sumatra (Wassmer et al., 2015) and 
in deep-sea sediments in the eastern Pacific (Park et al., 2000). Such a high-angle 
inclination and a horizontal Kmin are generally rare (e.g., Baas et al., 2007; Yamaguchi 
and Masuda, 2011). Wassmer et al. (2015) interpreted high-angle inclinations of Kmax 
hydrodynamically as the product by higher flow velocity in the bottom traction carpet 
(e.g., Moore et al., 2011). Additionally, Park et al. (2000) also reported the anomalous 
fabric having near-vertical AMS Kmax with horizontal Kmin, which they interpreted as an 
effect of post-depositional compaction. Our results indicated that such a high-angle 
inclination of AMS Kmax (with the horizontal Kmin) is due to an “inverse fabric.” 
Therefore, if their high angle inclinations are the product of “inverse fabric”, there may 
be no need to consider the effect of a high velocity current in a bottom traction carpet 
and post-depositional compaction to interpret the anomalous fabric. 
The combination of AMS and AARM enable to comprehend magnetic fabric in 
unconsolidated sediments. The maximum principal axes of the AARM ellipsoids of all 
samples from the two sandy event layers showed N–S orientations parallel to the 
coastline. This AARM result is interpreted that tiny magnetic particles in muds filled 
between sandy grains mimic long axes of these sandy prolate particles. Therefore, it is 
considered that these grains orient with their long axes perpendicular to flow direction, 
implying the occurrence of flow transverse (rolling) fabric of anisotropic fabric patterns 
of Jeffreys' (1922) theory. On the other hand, recent AMS studies of tsunami deposits 
have often reported maximum principal AMS axes sub-perpendicular to the coastline 
(Wassmer et al., 2010; Schneider et al., 2014), relating to the flow-aligned (imbricated 
or non-imbricated) fabric. To confirm this hypothesis, the relation between alignment of 
finer (titano)magnetite in mud (=the pore orientation) and orientation of sandy particle 
in soft sediment should be observed in thin section. Furthermore, we suggest paleo-flow 
direction of unconsolidated sediments should be estimated by comprehending 
sedimentary fabric rather than overconfidence to the techniques of magnetic anisotropy. 
 
2.7 Conclusions 
The AARM analysis showed that the orientations of the AMS and AARM 
ellipsoids are completely interchanged. In our study, the comparison of these two 
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ellipsoids enabled us to discover an “inverse fabric” in unconsolidated sandy event 
deposits, leading to erroneous interpretations of AMS fabrics. AARM, however, can be 
a useful as a tool to estimate deposit fabrics based on the alignment of tiny magnetic 
particles. The maximum principal axes of AARM ellipsoids showed N–S orientations 
parallel to the coastline that may possibly be associated with paleo-flow direction. We 
suggest that determining the source of a sample's magnetic fabric, such as by evaluating 
the size and shape of its grains, is critical for estimating the paleo-flow orientation. We 
propose that the combination of AMS and AARM methods could provide important 































3 Conclusion for this thesis 
In the case of inverse magnetic fabric in the unconsolidated sediments, Kon et al. 
(2017) suggested AMS does not mimic the paleo-flow orientation. Moreover, it would 
rather be defined that the directions by magnetic anisotropies, such as AMS and AARM, 
represent sediment grain’s orientation distributions. Four types of grain orientation, 
summarized by Baas et al. (2007), would be distributed and composing the sediment 
fabric, and magnetic grain, mainly ferromagnetic minerals, would be filled gaps 
between non-magnetic prolate grains. Accordingly, the magnetic anisotropies represent 
the integral value of the orientations distributions, and the Pj value suggests their 
anisotropic degree. Depending on each grain size and shape, the orientation of four 
types are determined and preserved in the layer. This suggests that the shape of gaps, 
filled by ferromagnetic grains, would not be always parallel to the paleo-flow direction. 
Therefore, magnetic anisotropies for unconsolidated sediments would rather be used to 
estimate the orientation distributions than paleo-flow directions. 
In this thesis, an interpretation of magnetic anisotropies for unconsolidated 
sediments, referring Kon et al. (2017), was proposed. Such interpretation for 
unconsolidated sediments has not been proposed before this paper published. Some 
researchers may have already employed the long axis of AMS as the paleo-flow 
directions with an irrelevance. As AMS measurement techniques improve and as they 
continue to be tested on other tsunami deposits, exact interpretation for results of AMS 
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is definitely needed. I believe the interpretation enables to reconstruct the formation 
process correctly and avoid misunderstanding of estimating the paleo-flow direction. 
Moreover, the providing information will contribute to preventions for future tsunamis 
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